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(ABSTRACT)

An A-B monomer containing an ether group, 4(4-acetoxyphenoxy) benzoic acid
(PAPBA) was successfully synthesized via a new route using 4-methoxyphenol and
4-chlorobenzonitrile as starting materials. Another ether containing monomer,
4(2-acetoxy-6-naphthoxy) benzoic acid (PANBA), which appears to be a novel monomer, was
also prepared in high yields from 6-methoxy-2-bromonaphthalene and
ethyl-4-hydroxybenzoate via the Ullmann condensation reaction. These monomers were
found to be useful for synthesizing LCP copolymers and segmented copolymers.

A variety of polyarylates based on 5-tertiary butylisophthalic acid were synthesized
via melt acidolysis techniques. The resulting high molecular weight polyarylates were amor-
phous polymers and the t-butyl groups along the polymer backbones were found to be
thermoxidatively stable.

Thermotropic liquid crystalline polyesters (LCPs) are well known for their
thermoxidative stability, ductility, solvent resistance and the potential of generating extremely
strong, stiff molecular chains. In this dissertation research, several novel liquid crystalline
aromatic polyether-ester copolymers were synthesized by the incorporation of an A-B
monomer, either PAPBA or PANBA, into the polymer main chain. The corresponding
copolymers were thermoxidatively stable and melt processable over a wide compositional
range.

Novel carboxyl terminated oligomers of an amorphous engineering polymer,
poly(arylene ether ketone)(PEK) were successfully synthesized. The synthetic method was

somewhat similar to that of carboxyl terminated poly(arylene ether sulfone) oligomers. The



PEKCOOH oligomers were quantitatively endcapped and their molecular weights could be
controlled. Thermogravimetric analysis revealed that the PEKCOOH oligomers were
thermoxidatively stable and therefore suitable for high temperature post-reactions.

In general, thermotropic liquid crystalline polymers show excellent properties in the
longitudinal direétion. Nevertheless, to improve the transverse mechanical properties of lig-
uid crystalline polymers, novel poly(arylene ether ketone)-LCP segmented copolymers were
synthesized via melt acidolysis techniques. Chemically bonding an isotropic engineering
thermoplastic into a potentially liquid crystalline anisotropic polyester affords segmented
copolymers which may possess a balance of mechanical properties in both the longitudinal
and transverse directions. In the case of PEK-poly{oxybenzoate){(PEK-POB), a limited amount
of POB (~25 wt %) could be incorporated so as to produce segmented copolymers which
would yield coherent films. On the other hand, when PEK-POB was modified by adding
PAPBA to form PEK-POB-POPB segmented copolymers, a series of the segmented
copolymers with various compositions was realized. The liquid crystalline behavior was
found to be retained in the segmented copolymers, depending on the degree of the LCP con-
tent.

The structural analysis of the A-B monomers mentioned earlier was performed by el-
emental analysis, mass spectroscopy, proton NMR and FT-IR. All the polymers synthesized
were characterized by thermal analysis (DSC and TGA). The molecular weight of the carboxyl
terminated PEK oligomers was determined by an automatic titration method, and indirectly,
by intrinsic viscosity measurements. The latter method was also used to assess the molec-
ular weight of the amorphous polyarylates.

For liquid crystalline polyether-ester copolymers and PEK-LCP segmented
copolymers, DSC and hot stage optical microscopy were utilized to investigate their
thermotropic liquid crystalline behavior. DMTA was used to determine the high temperature
properties of the polymers and tensile tests, i.e. stress-strain data, were employed to obtain

information on their mechanical properties.
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Chapter 1

INTRODUCTION

High performance materials presently classified as “engineering thermoplastics” are
characterized as tough, ductile materials, with good thermal properties. These materials
such as polyesters, polycarbonates, polyamides, polyphenylenesuifide, polyethersulfone,
polyetheretherketcne, polyarylates including liquid crystalline polyesters and polyimides
make large contributions towards the progress in every area of new technology. Many
computer, electronic, communication, transportation and related products could not be
produced commercially without these engineering thermoplastics [ 1 ]. Interestingly, with re-
spect to the synthetic aspects of these systems, most of the polymers mentioned above are
prepared via step-growth polymerization. In general, polymerizations can be classified as
either step-growth or chain-growth processes. The step-growth polymerizations have char-

acteristics as follows [ 2 J;
1. the growth of polymer molecules proceeds by a stepwise intermolecular reaction,

2. monomer units can react with each other or with oligomers of any size,
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3. similar reactivity of functional groups are assigned to all polymer species,

4. a high conversion is required so that high molecular weight polymers can be attained,

5.  many step-growth polymerizations involve equilibrium reactions, and

6. not all step-growth syntheses are condensation reactions, i.e. a reaction involving elimi-
nation of small molecules. In the synthesis of polyurethane from a diol and a diisocyanate

for example, these is no elimination product formed during the reaction.

The following requirements must be satisfied to ensure that a successful step-growth

polymerization reaction can be realized [2]

1. The reaction rate must be reasonably fast.

2. The polymerization must be free of any side-reactions.

3. Highly pure monomers, with reactive functionality of 2.00, are required.

4. It must be possible to drive the process to almost complete reaction of the functional

groups.

5. The stoichiometry of the reacting monomers must be carefully controlled.

6. A target number average molecular weight and molecular weight distribution must be

easily controlled.

These basic features and requirements have provided fundamental guide-lines for any
development in the area of step-growth polymerizations.
Polyarylates are aromatic polyesters generally prepared via step-growth

polymerization of aromatic dicarboxylic acids and diphenols. These polymers have been in-
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tensively studied due to their good mechanical properties, processability, UV stability, and
high softening temperatures.  Thermotropic liquid crystalline polyesters (LCPs) are also
considered as engineering thermoplastics. The LCPs have gained much attention from re-
searchers, since these polymers possess many interesting properties such as high
thermoxidative stability, excellent solvent resistance, low melt-viscosity, low coefficient of
thermal expansion and excellent mechanical properlies. Of particular interest in the area of
thermotropic liquid crystalline polymers is that the LCPs can be oriented in the thermotropic
state to produce highly oriented materials which exhibit higher strength and higher modulus
than other engineering thermoplastics. However, improving the rather poor mechanical
properties in the transverse direction of the LCPs still remains a challenge to most research-
ers.

Synthesis of copolymers is one of the important approaches available in order to
combine the properties of two immiscible homopolymers into the same material. Many de-
sirable properties could be obtained through this approach by carefully controlling copolymer
structure and architecture. The other approach, which is the most direct and versatile
method for producing new materials, polymer hybrids, is the physical blending of two or more
polymers. However, the properties of physical blends are strongly dependent upon the de-
gree of compatibility of the components, which may become a limiting factor in this approach
[31]

There are several objectives of this dissertation research. A first objective was to
synthesize polyarylates containing bulky pendant groups which were based on 5-tertiary
butylisophthalic acid via melt acidolysis techniques, so that the resulting polymers may be
tested as gas permeable membranes. The investigation of polyarylates was also used as a
case study in order to establish the most efficient reaction conditions for the preparation of
thermotropic liquid crystalline copolymers and segmenied LCP copolymers. A second ob-
jective of the research was to synthesize novel polyether-ester LCP copolymers by incorpo-
rating either 4(4-acetoxyphenoxy) benzoic acid or 4(2-acetoxy-6-naphthoxy) benzoic acid , A-B

monomers containing ether groups, into rigid polymers so that the resulting copolymers could
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be melt-processable. A final objective of the research was to incorporate an amorphous
engineering thermoplastic, poly(arylene ether ketone)(PEK) into liquid crystalline main chain
polyester structures. This approach could produce segmented LCP copolymers which pos-
sessed a “"balance” of mechanical properties, both in the longitudinal and transverse di-
rections. Thus, novel carboxyl terminated poly(arylene ether ketone) oligomers of controlled
molecular weights were also synthesized.

In the following chapter, Chapter 2, a review of the synthesis, as well as structure-
property relationships of polyarylates, thermotropic liquid crystalline copolymers, segmented
LCP copolymers and some theoreti’cal consideration of the LCPs is provided. The synthetic
procedures of monomers and polymers as well as characterization methods are given in
Chapter 3. A detailed discussion of the melt acidolysis technique and experimenial results is

presented in Chapter 4, followed by conclusions, suggested future studies and references.
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Chapter 2

EXPERIMENTAL

2.1 Introduction

Monomer purity is very important in a step-growth polymerization to achieve high
molecular weight polymer. This requirement can be easily explained by the Carothers

equation;

Xn =

1-p

where Xn = the degree of polymerization and p = the extent of the reaction.

The degree of polymerization, Xn, depends on the value of p, for example ; p = 0.95,
Xn = 20 and as p = 0.99 (99 % conversion), Xn = 100. This simple relation shows that a
high conversion, which depends on the monomer purity, is required in order to achieve the
high degree of polymerization. Therefore, monomers used in this dissertation research were

carefully purified.
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The Carothers equation can also be extended as;

14r

xn = 1+ r—2rp

where r is the molar ratio of the reactants. This equation is used to calculate the amount of
monomers for the preparation of polymers of the controlled molecular weight and end groups.
An example of the calculation can be seen in Appendix A.

This chapter describes the synthesis and purification of monomers, reagents,
oligomers, and polymers. Information related to source, molecular weight, molecular struc-
ture and boiling point or melting point for each chemical are provided. The methods of anal-

ysis of the materials are also included.

2.2 Materials ; Synthesis and Purification

2.2.1 Monomers and Reagents

2.2.1.1 2,2’-Bis (4-hydroxyphenyl) propane (Bisphenol A)

Source Dow Chemical Company
Empirical formula CisH150,
Molecular weight 228.27
Structure
%
0O Dron
CH,
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Purification procedure :

A 100.00 g quantity of bisphenol A was added to 500 ml of toluene in a 1 liter
Erlenmeyer flask. The mixture was stirred while heating on a hot plate. When bisphenol A
was completely dissolved, activated charcoal ( 1 g } was added. The mixture was allowed to
boil for 3 minutes and then filtered through a Buchner funnel using Celite® to remove
charcoal. The clear solution was transferred to a 1 liter Erlenmeyer flask and allowed to cool
to room temperature. After placing in ice-bath for 2 hours, the crystals were filtered and dried

under reduced pressure at 70 - 80°C for 24 hours. Yield ~ 90%, m.p. = 152 - 153°C{(iit.m.p.

= 155°C).

2.2.1.2 2,2’-(4-acetoxyphenyl) propane (Bisphenol A diacetate)

Source synthesized from bisphenol A
Empirical formula CisH2004

Molecular weight 312.36

Structure

CH3-C 0 —@ -@—o C-CH,4

Synthesis procedure :
A 100.00 g quantity of bisphenol A was placed in a 1 liter three necked round bottom
flask fitted with a condenser, gas inlet and a stirrer bar. Acetic anhydride (200 ml) and sodium

acetate {(0.01 g) were then added . The solution was refluxed under N, atmosphere, while
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stirring for 1 hour. The excess of acetic anhydride was distilled off, the solution was cooled
to room temperature and 100 ml of ethanol were added. The mixture was precipitated by
pouring into ice-water. The precipitate was collected and dissolved in methylene chloride in
a separatory funnel, washed with distilled water, 2% aqueous potassium hydroxide and finally
distilled water. Methylene chloride was distilled off and the solid residue was recrystallized
from ethanol/water and dried in an oven under reduced pressure at 70°C for 24 hours. Yield

~ 97%, m.p. = 83 - 84°C (lit.m.p. = 81 - 83°C).

2.2.1.3 5- Tertiary butylisophthalic acid (5-t-BulPA)

Source Amoco Chemical Corporation
Empirical formula Ci2H14O4

Molecular weight 222.24

Structure
0O 0
Il I
HO-C C-OH
CH3 = (:l - CH3

CH,

Purification procedure :
This diacid was of very high purity and thus is a polymer grade material. It was used
without further purification. However, it was dried in a vacuum oven at 110°C for 24 hours

before use. Its m.p.is > 300°C.
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2.2.1.4 4-Acetoxybiphenyl (PABP)

Source synthesized from 4-phenyiphenol (Aldrich)
Empirical formula Ci:H420,
Molecular weight 212.25
Structure
O

Synthesis procedure :

An aqueous solution of sodium hydroxide was prepared in a 1 liter Erlenmeyer flask
from 4.00 g of the base and 500 ml of distilled water. It was heated to 40 - 50°C on a hot plate
and stirred by using a stirrer bar. A 20.00 g portion of 4-phenylphenol was dissolved in the
aqueous base. Acetic anhydride (15.00 ml) was then added and the solution was stirred for
1 hour. At this moment, a precipitate was formed. It was collected, redissolved in ethanol
and decolorized. The ethanol solution was added to distilled water until it just turned turbid
and was then allowed to crystallize first at room temperature and then in an ice-water bath for
12 hours. The white fluffy crystals were collected and dried at 60°C in a vacuum oven for 24

hours. Yield ~ 94%, m.p. = 76°C.

2.2.1.5 4-Fluorobenzophenone (PFBP)

Source Aldrich Chemical Company
Empirical formula Cy3HgOF
Molecular weight 200.21
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